Abstract Strategies for delivering radiation to a moving lesion each require a margin to compensate for uncertainties in treatment. These motion margins have been determined here by separating the total uncertainty into components. Probability density functions for the individual sources of uncertainty were calculated for ten motion traces obtained from the literature. Motion margins required to compensate for the center of mass motion of the clinical treatment volume were found by convolving the individual sources of uncertainty. For measurements of position at a frequency of 33 Hz, system latency was the dominant source of positional uncertainty. Averaged over the ten motion traces, the motion margin for tracking with a latency of 200 ms was 4.6 mm. Gating with a duty cycle of 33% required a mean motion margin of 3.2-3.4 mm, and tracking with a latency of 100 ms required a motion margin of 3.1 mm. Feasible reductions in the effects of the sources of uncertainty, for example by using a simple prediction algorithm to anticipate the lesion position at the end of the latency period, resulted in a mean motion margin of 1.7 mm for tracking with a latency of 100 ms, 2.4 mm for tracking with a latency of 200 ms, and 2.1-2.2 mm for the gating strategies with duty cycles of 33%. A crossover tracking latency of 150 ms was found, below which tracking strategies could take advantage of narrower motion margins than gating strategies. The methods described here provide a means to guide selection of a motion management strategy for a given patient.
Introduction
Target motion can result in dose intended for a lesion being delivered to normal tissue and organs at risk instead. This requires a strategic treatment decision to mitigate the effect of any anticipated motion in order to preserve the treatment intent. Many methods have been proposed or developed to reduce the dose to normal tissue (Keall et al 2006) , including pausing the treatment beam while the lesion is outside the beam (gating), and moving the beam to follow the lesion motion (tracking). It can be difficult, however, to compare the effectiveness of different strategies, and to determine the best strategy for a given patient. In part, this stems from the stochastic nature of the events causing the motion. Furthermore, factors contributing to the relative effectiveness, or ineffectiveness, of each treatment strategy are not always apparent prior to treatment. Methods to compare motion management strategies include convolving dose distributions calculated for a static patient with the motion (Hugo et al 2007 , Engelsman et al 2005 . George et al (2008) used a margin formula (Stroom et al 1999 , van Herk et al 2000 to calculate margins for different motion management strategies for a population of patients. Recently Söhn et al (2012) used principal component analysis to model the dosimetric consequences of organ motion. In the present paper, a systematic and quantitative method of comparing motion management strategies based on convolution of uncertainty probability density functions (PDFs) has been developed. This method produces a recommendation of a strategy for a particular patient, or a population, and allows isolation of the factors contributing to unplanned extraneous dose.
Margins were determined for several motion management strategies for a variety of motion traces that were previously published. In each case, a motion margin that accounts for the motion of the center of mass of the clinical treatment volume (CTV) was calculated. Actual treatment margins would include other sources of uncertainty, and be larger. For each motion management strategy, treatments of lesions moving according to the motion traces were simulated. For each simulated treatment, the motion margin was the minimum value such that the entire CTV received 95% of the prescription dose over the course of the treatment. In contrast to the work of van Herk et al (2000) , a treatment comprised of only a few fractions was considered, and therefore no distinction was made between random and systematic uncertainties. This lack of distinction between random and systematic uncertainties for few fraction treatments has been noted before (Zhang et al 2012) .
In order to determine the motion margin, the sources of uncertainty potentially leading to a geometric miss were first considered in isolation. Other sources of uncertainty were assumed to be negligible. PDFs were generated for each source of uncertainty, giving the probabilities of displacements between the beam and CTV. For some sources of uncertainty, PDFs were based on values taken from the literature. For others, PDFs were calculated by simulating treatment of a CTV moving according to the motion trace.
Sources of uncertainty were categorized into a binary tree. The first division was between those sources related to treating a moving lesion and those not. Sources of uncertainty unrelated to treating a moving lesion were beyond the scope of this paper. For example, the ICRU (1999) lists changes in shape and size of the lesion, plus mechanical uncertainties of the equipment, dosimetric uncertainties, transfer set-up errors, and human factors. Motion-related uncertainties were divided into localizing the CTV, and delivering radiation to the target. In all, the motion-related uncertainties were divided into six sources.
Complete motion management strategies were studied by combining the individual PDFs by convolution. Typical values of parameters were chosen. Motion margins were determined from the combined PDF for each motion management strategy for each motion trace, and the motion margins for the individual traces were averaged. Motion management strategies were compared based on the mean motion margins. Possible reductions to the individual sources of uncertainty were discussed. These reductions were incorporated into the combined PDF for each motion management strategy, and new motion margins were calculated.
It should be noted that this analysis is based on a limited number of motion traces obtained directly from the literature, in order to highlight the method itself, rather than any particular source of data. The PDFs for the individual sources of uncertainty were chosen as reasonable examples for particular scenarios, and are not meant to be representative of all devices. For application in the clinic, it is recommended that each clinic use data from their intended patient(s), and obtain values specific to their equipment.
Methods and materials

Definitions
Consider a treatment with a C-arm gantry linac with a multi-leaf collimator (MLC) that may or may not move. The methods described here readily generalize to other geometries. Consider a beamlet of a step-and-shoot field-that is, the size and shape of the MLC-defined field does not change during delivery of the beamlet. Extension to sliding window or VMAT treatments may be done by considering multiple beamlets, and for different gantry angles lesion motion in different directions is important. Consider a rigid CTV that does not rotate, but may exhibit translational motion. Suppose that a reference point in the CTV can be precisely defined. Define a coordinate system such that the beam axis is directed along the positive z axis. Denote the position of the CTV reference point as x = (x, y, z), where boldface denotes a vector (see figure 1 ).
Treatment proceeds with simultaneous measurement of the position of a marker. The position of the CTV is inferred from the position of the marker. The inferred position is the target to which a radiation beam defined by the MLC is directed. Define a reference point in the beam at coordinates x = (x , y , z 0 ), where the component in the z direction (along the beam axis) is arbitrary. The CTV and beam may both move, so x and x are functions of time t. Motions in each direction were assumed to be independent. In the x direction, the difference between beam and CTV positions is
x(t) will take a range of values over the beam-on time of the beamlet. The probability that x(t) was between x and x + dx at a particular time is given by P(x)dx, where P(x) is the PDF of the motion in the x direction. The reference point x was chosen such that the center of mass of the PDF was zero. PDFs were normalized such that their integral was 1.
Sources of uncertainty
Sources of uncertainty that contribute to the required margins were categorized in figure 2. The highest level division was between the sources of uncertainty that relate to delivering radiation to a moving CTV, and those from other sources. The sources related to motion were divided into locating the CTV and hitting the target. Sources of uncertainty in locating the CTV were divided into the instantaneous measurement of position, and the prediction of the position at future times. Uncertainties in the instantaneous measurement of position included measuring the position of the marker, and correlating the position of the marker with the position of the CTV. Similarly, the uncertainties in targeting were divided into those related to the instantaneous targeting and those from the latency. The uncertainties in instantaneous targeting included the accuracy of the machine and the residual motion. Figure 1 . Definition of the terms and coordinate used. The cells to which dose is intended to be delivered make up the CTV. The position of a marker is measured, from which the position of the target is inferred. A beam is directed at the target. Reference points (indicated by circles) in the CTV and beam are defined, and the difference between the reference points ( x) is determined. In total, the lowest level of the uncertainty tree has six leaves related to treating a moving CTV. These are described individually as follows.
Instantaneous measurement of position.
This uncertainty results from the accuracy of which a static measurement of position can be made.
Correlation between marker and CTV positions.
The measurement of position is not necessarily of the CTV itself. Rather, it could be of an internal or external marker. This uncertainty accounts for the imperfect correlation between the position of the marker and the position of the CTV. 
Prediction of position in between measurements.
For occasional measurements, the position between measurements is unknown and must be predicted. This uncertainty accounts for the differences between actual and predicted positions.
Machine accuracy.
This uncertainty describes the accuracy with which the treatment machine can hit a target at a known position and time.
Residual motion.
For gated treatments, the beam is on for a range of target positions. This range is considered an uncertainty, since the actual instantaneous position may be anywhere within the window of pre-defined range.
2.2.6. Latency. The position at a particular time is measured, and the radiation is delivered at a later time. The change in position between the two times is expressed as an uncertainty. This definition of latency includes all its components, including the latency due to the measurement of position and the latency due to moving the linac or MLCs.
Motion traces
Ten patient motion traces from the literature were analyzed. The published traces were for motion in the thorax in the superior-inferior direction, and the entire published trace (spanning 45-90 s) was used. Traces were manually digitized using computer monitor and mouse, and interpolated between digitized points to create position values every 10 ms. The coordinate system was defined such that the end-of-exhale position was more negative than the end-ofinhale position and the time-averaged position was zero.
Cerviño et al (2011) measured positions of vascular structures in the lungs of healthy volunteers using cine-MRI with a frame rate of 4 Hz. The volunteers were instructed to perform both regular and irregular breathing. Four traces from the same volunteer, presented in figures 3(a)-(d), were used. Suh et al (2008) extracted position data from patients treated with Cyberknife Synchrony (Accuray Inc., Sunnyvale, CA). The position of the chest wall was monitored at 32 Hz by using light emitting diodes attached to the chest. Orthogonal kV images were acquired in a period of ∼30 s. The lesion position was inferred from the position of the external marker, using an internal/external correlation model updated as new kV images were acquired. Several of those motion traces of the lesion were published in Yoon et al (2011) , and these were used in the current work (figures 3(e)-(h)). Mageras et al (2001) determined the position of the diaphragm using fluoroscopy. The diaphragm position was used to approximate the lesion position; for the purposes of this paper, the diaphragm position was considered to be equivalent to the lesion, and CTV, positions. Two traces were obtained, for the same patient. During acquisition of the trace in figure 3(i), the patient was undergoing free breathing, and during acquisition of the trace in figure 3(j), the patient was undergoing verbally-coached breathing. The authors also recorded the position of a marker block on the patient's chest over the same time period as the fluoroscopy, using the RPM system (Varian Medical Systems, Palo Alto, CA). Characteristics of these traces are given in table 1. Over the ten traces, the mean peak-topeak and RMS amplitudes were 20.8 and 5.4 mm, respectively. The mean of the margins that would encompass 97.5% of the motion was 9.1 mm. The velocity at a given time was calculated as the average over 0.1 s. The mean of the maximum magnitudes of the velocities was 39.0 mm s
, and the mean of the RMS velocities was 9.7 mm s −1 .
Determination of PDFs
Each source of uncertainty was initially considered independently. PDFs of the displacement between beam and lesion were created as described below, assuming other sources of uncertainty were negligible. Note that the values obtained from the literature are not necessarily representative of any particular patient or treatment method. For clinical implementation of these methods, PDFs specific to the patient and treatment method would need to be determined.
Instantaneous measurement of position.
A PDF for determination of position using Calypso electromagnetic beacons (Varian Medical Systems, Palo Alto, CA) was used. The value was taken from the literature (Balter et al 2005) .
Correlation between marker and lesion positions.
The two simultaneous motion traces of the lesion and an external marker (Mageras et al 2001) were analyzed. A model was created to relate the lesion position to the marker position. Traces were first divided into inhale and exhale traces, based on the direction of motion of the marker. For each trace (of a given direction), a fourth-order polynomial was fit to the lesion position as a function of marker position. Treatment was simulated by inferring the lesion position from the marker position using the appropriate fit function. The uncertainty PDF was calculated from the differences between the inferred and measured lesion positions over the time period of the motion traces.
The same methodology could be used to account for the position of an internal marker relative to the lesion. Although studies (e.g. Shirato et al (2003) ) have shown that marker positions remain constant from day to day (interfraction), there is little data on the motion on the (intrafraction) time scale of seconds. Korreman et al (2006) found that the correlation between the position of an internal marker and the position of the lesion was generally good, but patient dependent. Cerviño et al (2009) found that the position of the diaphragm could be used as a surrogate for tumor position for most patients, with an error at the 95% confidence level of 2.1 mm. Smith et al (2011) examined the correlation of tissue motion within the lung, and found that the mean distance for an implanted fiducial to correlate with tissue motion was highly patient specific. For the simulated treatments in this work using an internal marker, the correlation between internal marker position and lesion position was taken to be a delta function. This is only realistic for location methods such as fluoroscopy (Li et al 2009) or MRI (Cerviño et al 2011) in which the lesion position is determined directly. We caution the reader that, for clinical implementation of these methods, values appropriate for their measuring techniques should be used.
Prediction of position between measurements.
For each motion trace, a virtual set of measurement data was created by extracting positions at times corresponding to a given measurement frequency for the example treatment scenarios. These positions represented the results of the would-be measurements of position. A prediction function was fit to a subset of the virtual measurement data, and used to predict the position between the last measurement in the subset and the next virtual measurement. The length of time over which the fit was made was denoted the fit interval. A sine function was used as the simple prediction function. Each fit was offset such that the fit function coincided with the last data point in the subset of virtual measurements. A PDF was formed for each motion trace from the differences between predicted and actual positions at times between measurements over the motion trace.
Measurement frequencies from 1 to 33 Hz were considered. Fit intervals in the range of 1 to 10 s were considered. For each measurement frequency and motion trace, the fit interval that resulted in the lowest margin was used.
This method is independent of the means of measurement (whether the position is derived from electromagnetic beacons, kV or MV imaging, etc), depending only on the frequency with which it is undertaken. Estimation of the lesion position in between measurements is not straightforward. It could be done, for instance, prior to treatment by analyzing highfrequency trajectory data from the cone-beam CT projections. Alternatively, the PDF could be based on literature values for the same technique with similar motion traces. For high temporal resolution techniques such as Calypso, where the position information is essentially continuous, the location of the lesion between measurements is not known exactly, but of less significance since less biological motion is possible in very short intervals.
Machine accuracy.
The end-to-end spatial accuracy of the TrueBeam (Varian Medical Systems) system was taken from published experimental measurements (Wang et al 2012) , and converted to a PDF.
Residual motion.
The uncertainty from residual motion was a function of the duty cycle. For a given duty cycle, the motion margin was defined as the minimum range of allowed motion such that the desired duty cycle was obtained. The center of the gating window was a free parameter. The motion margin was determined by first numerically calculating the duty cycle for every combination of motion margin and center of gating window. For a given duty cycle, the center of the gating window that resulted in the smallest motion margin was selected. This margin was defined as the motion margin for that duty cycle.
Baseline correction (D'Souza et al 2005 , Pepin et al 2011a was applied to all motion traces (Korreman et al 2008) . If it were not, the relation between duty cycle and motion margin would be ill-defined in the presence of baseline drift. Between each pair of end-ofexhale positions, the baseline was defined as the line containing the previous two end-of-exhale positions. The baseline was subtracted from the position data. End-of-exhale positions were defined as times in the motion trace where the position was more negative than in the following or preceding second.
2.4.6. Latency. The latency τ L was defined as the difference between the time to which the measurement of position corresponded (i.e. the time the measurement was taken), and the time at which radiation could be delivered based on that measurement information (the time a realigned beam was delivered). This definition of latency includes the time required for image acquisition and processing, plus any repositioning of linac components for beam delivery. Thus the latency is essentially machine dependent, and must be estimated for each specific delivery scenario (e.g. a TrueBeam delivery using couch tracking guided by Calypso beacons would be expected to have a different latency than a Clinac delivery with MLC tracking guided by 1 Hz kV images). The uncertainty PDF was formed from the differences of actual target positions (from the motion trace) as measured at times t and t + τ L , for t spanning the motion trace. Latencies from 0.05 to 0.5 s were considered. These values span a range of published values (Hoogeman et al 2009 , Depuydt et al 2011 , Sawant et al 2009 , Jin and Yin 2005 , measured, for example, by continuous MV imaging of both a radiopaque object and the MLC.
Combining uncertainties
Individual sources of uncertainty were combined to form the positional uncertainty for different motion management strategies. PDFs were combined by convolution.
Determination of motion margins
Motion margins were calculated from the requirement that the minimum dose to the CTV be 95% of the prescription dose. Neglecting scatter, this was equivalent to requiring that the reference point of the CTV be within the margin of the reference point of the radiation beam 95% of the time. It was assumed that there was motion in two orthogonal directions contributing to the margins. For simplicity, it was assumed that for each direction, the reference point of the CTV was required to be within the margin of the reference point of the radiation beam (0.95) 1/2 = 0.975 of the treatment time. The motion margin was the minimum value encompassing 97.5% of the area of the PDF, and was determined by numerical integration.
Results
Components of the uncertainty
Instantaneous measurement of position.
Values for the uncertainty using electromagnetic beacons were used. For one system, the differences between measurements of the positions of the beacons relative to the position of the array, and the known positions, were found to be described by a mean of 0.4 mm and a standard deviation of 0.4 mm (Balter et al 2005) . This was conservatively approximated as a Gaussian distribution with standard deviation 0.8 mm centered on zero. It was assumed that the position of the array could be measured sufficiently accurately that the uncertainty was negligible compared to the uncertainty of measuring the beacon positions.
Correlation between marker and CTV positions.
Simultaneous traces of the marker and CTV (Mageras et al 2001) are shown in figures 4(a), (b) . During acquisition of the data in figure 4(a) , breathing was coached; during acquisition of the data in figure 4(b) , the patient was free breathing. Figures 4(c), (d) are plots of marker position versus CTV position. The data points were divided into inhale and exhale. Hysteresis was evident near the end-of-exhale position, while breathing was coached, and over the full trace, while free breathing. The polynomial fits to the data are shown. The residuals between the inferred and the measured CTV positions as a function of time are shown in figures 4(e), (f). For coached breathing, most of the points were within 1 mm of zero, but there were occasional spikes of up to 7 mm magnitude. These typically occurred right at the transition between inhale and exhale, or vice versa. For some transitions, the marker began to move either before or after the diaphragm. While free breathing, there was an additional variation in the baseline of ± 1 mm that correlated with the baseline drift in the motion trace. The PDFs constructed from the residuals are shown in figures 4(g), (h). The margin required to account for the imperfect correlation between measured and inferred CTV positions was 3.0 mm for coached breathing and 3.3 mm for free breathing.
As with all the data presented in this work, the values may or may not be applicable to a given patient. The correlation between the positions of an external marker and the lesion is notably variable; see, for example, Keall et al (2006) for a list of studies showing a large range of correlations. For clinical implementation, it is recommended that values specific to a given patient are obtained and updated throughout treatment.
Prediction of position in between measurements.
Margins required to account for the change of CTV position between measurements are shown in figure 5 for the ten motion traces. Margins are plotted against the inverse of measurement frequency. For high measurement frequencies, the margins approached zero. On decreasing the measurement frequency, the margins increased nearly linearly with the measurement period. The rate of increase was different for each motion trace, and ranged from 5 to 18 mm s −1
. The mean margin was described by a line with slope 8.7 mm s −1 . At a measurement frequency of 2 Hz, the margins ranged from 2.3 to 7.2 mm, with a mean of 4.3 mm. At 16 Hz, the margins ranged from 0.3 to 1.3 mm, with a mean of 0.6 mm.
The traces that were outliers were characterized by similar features. Motion traces that required the largest margins included (i), (j), and (b). The first two of these traces were regular, but showed a large asymmetry between inhale and exhale. The prediction algorithm was therefore not able to accurately predict the position of an inhale peak, say, based on the position of the previous end-of-exhale peak. Trace (b) had highly inconsistent breathing amplitudes. The prediction algorithm predicted one breathing cycle to be similar to the previous one, and therefore did poorly when the amplitudes varied. Motion traces that were predicted well were symmetric with regard to inhale/exhale, and had consistent amplitude from cycle to cycle. Examples were traces (a) and (f). three dimensions between the measured dose and the planned dose was <0.9 mm. With the assumption that the targeting uncertainty involved uncertainties in two orthogonal directions added in quadrature, the maximum magnitude of displacement in one direction was 0.6 mm (i.e. 0.9 mm/ √ 2). Further assuming that this value represented the 2σ value of a Gaussian distribution, the PDF for the machine accuracy was taken to be a Gaussian with σ = 0.3 mm. This is a conservative estimate for this quantity, because the end-to-end test included more sources of uncertainty than machine accuracy.
Residual motion.
The PDFs of the CTV positions for the ten traces are shown in figure 6, with and without baseline correction. Consider first the PDFs with no baseline correction. Most of the PDFs were characterized by a large peak at the end-of-exhale position. The amplitude of the peak varied, and was a maximum of 40% mm -1 for trace (a). Several of the traces also showed a smaller peak at the inhale position. The shapes of the peaks varied, and for several traces there were multiple peaks at end-of-exhale. Trace (e), which showed a pronounced baseline drift in the motion trace, was alone in not showing an end-of-exhale peak. After correcting for baseline drift, most PDFs (shown in red) were largely unchanged. The exception was trace (e), for which end-of-exhale and end-of-inhale peaks were visible in the PDF only after baseline correction.
Required margins due to residual motion for the ten baseline-corrected motion traces are shown in figure 7 as a function of duty cycle. For duty cycles below 30-40%, margins were proportional to the duty cycle. The constant of proportionality ranged from 0.01 to 0.045 mm/%, with mean 0.025 mm/%. For duty cycles above 40-50%, the relation between margin and duty cycle was again linear, with slopes in the range of 0.08 to 0.24 mm/%, and mean 0.12 mm/%. At a duty cycle of 33%, the margins ranged from 0.6 to 1.6 mm, with a mean of 1.0 mm. At a duty cycle of 50%, the margins ranged from 1.4 to 3.0 mm, with mean 2.3 mm. At low duty cycles, the outlier with highest margins was (d). This trace was characterized by a constantly moving CTV at exhale. The end-of-exhale peak in the PDF, and therefore the margin, was wide. The motion traces with the narrowest margins were (a) and (c). These traces had consistent end-of-exhale positions during which the CTV was stationary, and large amplitude, narrow peaks in the motion PDFs at end-of-exhale. At high duty cycles, (g) had narrow margins compared to the other traces. This motion trace was inconsistent, but showed both long times at the end-of-exhale position and a small breathing amplitude. 3.1.6. Latency. Margins resulting from latency for the ten motion traces are shown in figure 8 for latencies in the range of 0.05 to 0.5 s. For small latencies, the margins were proportional to the latency. The slopes ranged from 13 to 45 mm s . The curves flattened slightly at latencies approaching 0.5 s. At a latency of 0.05 s, the margins ranged from 0.6 to 2.6 mm and had a mean of 1.2 mm. At a latency of 0.2 s, the margins ranged from 2.3 to 7.6 mm with a mean value of 4.1 mm.
Traces which were outliers had similar features. The traces with the largest margins were (i), (j), and (b). These traces all had the largest maximum and RMS velocities. The former two traces had long times at end-of-exhale, relative to the breathing period, and large amplitudes of motion, resulting in large velocities. The latter trace had occasional large amplitude inhalations, during which the lesion moved rapidly. The trace with the smallest margins, (g), had the smallest RMS velocity, and nearly the smallest maximum velocity. It also had a small breathing amplitude, and long periods of time at end-of-exhale.
Combined uncertainties for different motion management strategies
Five motion management scenarios were considered.
Tracking with latency 200 ms.
Suppose that the patient has electromagnetic beacons implanted internally, and that the correlations between the CTV positions and those inferred from the beacons can be described as a delta function. There is no residual motion, because this is not a gating strategy. Suppose that the latency is 200 ms, a value consistent with measured values on the Trilogy (Sawant et al 2010) . For each trace, the combined uncertainty is the convolution of the uncertainty for measurement accuracy, prediction, machine accuracy, and latency.
The motion margins calculated from the resultant motion PDF are shown in figure 9(a) for each motion trace. At high measurement frequencies, the margins reached a plateau at non-zero values. The values ranged from 3.0 to 8.0 mm, and had a mean value of 4.6 mm. These values were within 0.7 mm of the values solely resulting from the latency of 200 ms (figure 8). As the measurement frequency decreased, the margins at first were nearly constant then began to increase near 10 Hz. At a measurement frequency of 2 Hz, the margins ranged from 3.9 to 10.0 mm, and had a mean value of 6.1 mm. At 1 Hz, the mean of the motion margins was 9.3 mm.
Tracking with latency 100 ms.
Suppose that the same tracking strategy as above is applied, but with a latency of 100 ms. This value is near the value for the Cyberknife (Accuray) system. Motion margins are shown in figure 9(b). At high measurement frequencies, the motion margins for each trace ranged from 2.2 to 4.9 mm, and had a mean of 3.1 mm. Motion margins increased as the measurement frequency decreased. At 2 Hz, the mean of the motion margins was 5.2 mm, and at 1 Hz the mean was 8.6 mm.
3.2.3.
Gating with an internal marker, 33% duty cycle, and latency 100 ms. Consider a gating strategy with an implanted beacon. Suppose that the latency is 100 ms, lower than that for tracking because the linac is not required to move. A duty cycle of 33% with baseline subtraction is used. The uncertainty is the convolution of the individual uncertainties for measurement accuracy, prediction, latency, machine accuracy, and residual motion.
Motion margins are shown in figure 9(c) for each motion trace. For a measurement frequency of 33 Hz, the margins ranged from 2.4 to 5.2 mm, with mean 3.4 mm. The mean value was 1 mm greater than that for a latency of 100 ms considered in isolation. On decreasing the measurement frequency, the motion margins were nearly constant until 10 Hz. At lower frequencies the motion margins increased. At a measurement frequency of 2 Hz the motion margins ranged from 3.5 to 8.3 mm, with mean 5.4 mm. At 1 Hz, the mean of the motion margins was 8.7 mm. Gating using an external marker, a 33% duty cycle, and no latency. (e) Gating using an internal marker, a 50% duty cycle, and 100 ms latency.
Gating with an external marker, duty cycle 33%, and negligible latency.
Suppose that a gating strategy is used with an external marker. The latency results from measuring the position of the external marker, and holding the beam; it was assumed to be zero. A duty cycle of 33% with baseline correction is used. The uncertainty is the convolution of the uncertainties in measurement accuracy, prediction, machine accuracy, residual motion, and correlation. A difficulty was that correlations were only available for two of the motion traces. The two correlation PDFs were similar; therefore one was used as the correlation PDF for all the motion traces. The correlation PDF for trace (j) was narrower than for trace (i). However, as discussed in section 4, the correlation PDFs could be improved. Therefore the correlation PDF for trace (j) was taken to be representative, and used for all the traces. The resulting motion PDFs led to motion margins shown in figure 9(d). For high measurement frequencies the motion margins clustered at a mean value of 3.2 mm. The minimum and maximum values were 3.1 and 3.4 mm, respectively. On decreasing the measurement frequency, the motion margins first remained nearly constant, then at a measurement frequency near 5-10 Hz the motion margins increased. At measurement frequencies of 2 and 1 Hz, the means of the motion margins were 5.3 and 8.6 mm, respectively.
3.2.5.
Gating with an internal marker, a 50% duty cycle, and latency 100 ms. For gating with an internal marker, as described in subsection 3.2.3, but with an increased duty cycle of 50%, the motion margins were increased (shown in figure 9(e) ). At high measurement frequencies, the motion margins ranged from 2.8 to 5.7 mm, with a mean of 4.0 mm. At measurement frequencies of 2 and 1 Hz, the means of the motion margins were 5.7 and 9.0 mm, respectively.
Comparisons of different motion management strategies
The mean motion margins for the five motion management strategies considered above are plotted as lines in figure 10 . The motion margins for the gating strategies with a duty cycle of 33%, with either the external or internal marker, were similar to those for tracking with a 100 ms latency over the range of measurement frequencies. The mean of the motion margins was 3 mm at a measurement frequency of 33 Hz. For tracking with a latency of 200 ms, the mean motion margin was 4.6 mm at 33 Hz. For internal gating with a duty cycle of 50%, the motion margin was 4.0 mm at 33 Hz. These values were intermediate between those for tracking with a latency of 200 ms and those for either tracking with a latency of 100 ms or either gating strategy with a duty cycle of 33%. At 1 Hz all the strategies required motion margins near 9 mm.
These motion margins at measurement frequencies greater than 1 Hz were lower than those for a motion-encompassing strategy. At a minimum, motion-encompassing margins need to account for the motion of the CTV during the motion trace. Averaged over the ten traces, the margin required such that the CTV was in the beam 97.5% of the time was 9.1 mm. This value is shown as a magenta line in figure 10 . It intersects the curves for the various motion management strategies near a measurement frequency of 1 Hz. At 33 Hz, the motionencompassing margins were 2-3 × those for the various motion management strategies.
The standard deviations of the distributions of motion margins for the ten traces are shown as shaded areas, for tracking with a latency of 100 ms and gating with an external marker. The standard deviation for the external gating strategy was low at high measurement frequencies, because the same correlation uncertainty was used for each trace. The difference between the mean motion margins for the different strategies at a measurement frequency of 33 Hz was one standard deviation of the tracking results. At 1 Hz, the differences in mean motion margins for the different strategies were much less than one standard deviation.
The curves representing the mean motion margins can be characterized. At high measurement frequencies, latency was a dominant source of uncertainty. For tracking with a latency of 200 ms, almost all of the motion margin resulted from latency. On reducing the latency to 100 ms, other sources of uncertainty such as the measurement accuracy and, for gating, the residual motion and the correlation between internal and external positions become important. As the measurement frequency was reduced, the prediction uncertainty became more important. At 1 Hz it was the dominant source of uncertainty.
Discussion
Uncertainties that have a strong contribution to the required motion margins are discussed as to how they could be improved, and the amount of improvement that could be expected. The improved PDFs of the individual sources of uncertainty were combined to determine the required motion margins after reducing the individual sources of uncertainty.
Reduced uncertainty from latency
The largest contribution to the motion margins at high measurement frequencies was the latency. Several methods were considered to reduce the uncertainty due to latency.
(1) System latency could be reduced. To some extent, the latency is a design decision on the part of the manufacturer. Discussion of the tradeoffs and possible decrease in latency is beyond the scope of this paper. Reductions in motion margins due to latency can be determined from figure 8 . (2) The position at the end of the latency period could be predicted. The analysis above was a worst-case situation, where the change in position over the latency time was considered as the uncertainty. However, this uncertainty could be reduced if the position was predicted.
To set a bound for this value, positions after the latency period were predicted using the algorithm described above for predictions between measurement points. For a latency of 200 ms, the margins required due to differences between actual and predicted positions, averaged over the ten motion traces, were 3.0 mm, a 28% improvement over the value without prediction. (3) More accurate prediction algorithms could be used. However, published works have not shown a large improvement over the value determined here. Sharp et al (2004) studied adaptive neural networks, Kalman filtering, and linear prediction, and compared to no prediction. They found that predicting the position reduced the RMS difference in 3D positions, for a latency of 200 ms and measurement frequencies between 10 and 30 Hz, by 33%. Murphy and Dieterich (2006) used adaptive neural networks and linear adaptive filtering to predict the position of an external marker. For latency of 200 ms, the RMS error difference in position was 40% of the RMS position of the marker block (averaged over ten traces). The traces considered in the present work had a mean RMS position of 5.4 mm. Scaling the results of Murphy and Dieterich to the RMS CTV displacements in this work leads to an RMS difference in position of 2.2 mm. Assuming a Gaussian distribution of differences, this value is equivalent to a required margin of 4.8 mm (to ensure accurate targeting 97.5% of the time). This required margin is greater than that obtained in the present work with a sinusoidal prediction. Vedam et al (2004) used sinusoidal prediction and an adaptive filter. For a latency of 200 ms, and a lesion with an RMS position of 3.6 mm (free breathing), they found that the RMS difference in positions was reduced from 1.2 mm (using no prediction) to 1.1 mm with sinusoidal prediction and 0.8 mm with adaptive filter prediction. Scaling to the present RMS lesion position resulted in a mean margin of 2.7 mm (for 97.5% targeting accuracy). This is close to the value of 3.0 mm reported here, using a sine prediction. It appears that the maximum expected reduction in PDF width through better prediction algorithms is 10%. The above prediction functions were based on the measured positions as a function of time. More information is available. In particular, incorporating the velocity into the prediction may increase the accuracy. (4) The sine fit performed the worst at transitions between inhale and exhale, and vice versa.
It might be possible to reduce the residuals at these points. Possibilities include using a better prediction algorithm, reducing dose rate at these times, coaching the patient in breathing patterns, or obtaining a signal from the patient. The improvement using better predictions might already be accounted for in the better predictions discussed above.
In total a reduction in the width of the PDF due to latency of 50% might be expected, for a fixed latency. This value is derived from the sum of 30% due to predicting the lesion position with a sine function, 10% from use of a better prediction algorithm, and 10% from other improvements.
Better prediction between measurements
At low measurement frequencies, much of the motion margin resulted from predicting positions in between measurements. Improvements in prediction are similar to those discussed above in the context of latency. Sharp et al (2004) found that at a measurement frequency of 1 Hz and a latency of 200 ms, the RMS difference between measured and predicted positions could be reduced from 7 to 5 mm by using an adaptive neural network prediction algorithm (compared to no prediction). That represents a 30% improvement, a value comparable to that obtained above for predicting the position at the end of the latency period using a sine function. This suggests that further improvements in the prediction algorithm are likely to have only a small effect. Perhaps, as for the case of predicting the position after a latency period, a 10% improvement in the PDF due to prediction between measurement points can be obtained.
Better correlation model
In treatments where the position of an external marker is measured, an improvement in the model relating the position of the marker to the position of the CTV would reduce the motion margins. The correlation model used in this work produced the largest differences between measured and inferred CTV positions at the transitions between inhale and exhale, and vice versa. These differences occurred when either the CTV or the marker began to move before the other. The amount of improvement possible was estimated by removing the spikes at the transitions of the difference plot in figure 4. For trace (j), the required margins were reduced to 1.4 mm, from 3.0 mm. As in the case of predictions, discussed above, this improvement could be implemented by use of a prediction algorithm capable of predicting the transitions, or a system of coaching or signaling which provides advance knowledge of the transitions, or holding the beam when the marker position approaches a transition. Combining monitoring the external marker with occasional measurements of an internal fiducial position might also reduce the correlation uncertainty. Cho et al (2010) studied the effectiveness of correlation models that were updated based on occasional kV imaging. They found that, for images acquired at frequencies down to 0.1 Hz, the standard deviation of the differences between predicted and actual marker positions in one dimension was 0.5 mm. This is equivalent to a margin of 1.1 mm, 30% less than the value of 1.4 mm obtained above. The value of 1.4 mm was used in the analysis, as a conservative value.
Reduced residual motion
The margins could be reduced by decreasing the duty cycle. There would only be an improvement in the motion margins for certain cases, namely those not dominated by the uncertainty from latency. A decrease in the duty cycle with other parameters held constant would increase treatment time. As shown in figure 7, below a duty cycle of 33% the motion margins were proportional to the duty cycle. Alternatively, the dose rate could be increased, for example by removing the flattening filter . Conversely, increasing the duty cycle had a larger effect on the motion margins. The plot of mean margin versus duty cycle in figure 7 had a positive second derivative near a duty cycle of 40%. Increasing the duty cycle from 33% to 50% increased the mean margin from 1.0 to 2.3 mm. A duty cycle of 33% appears to be a reasonable compromise.
Measurement accuracy
The uncertainty used for the measurement of position using Calypso beacons was a worst-case value. More typical values were about half the magnitude. A reasonable estimate of the PDF resulting from uncertainties in measurement of position is a Gaussian with σ of 0.4 mm.
Combined improvements
An estimation of the reduction in motion margins that could be obtained by implementing the above improvements was made by scaling the individual PDFs determined in section 3 (results) by the values discussed above. The same treatment options as presented in the results were considered with the new PDFs for each trace. Mean motion margins were lower than those obtained previously, and are plotted in figure 10 . At a measurement frequency of 33 Hz, the lowest motion margin was 1.7 mm, obtained with tracking with a latency of 100 ms. Gating based on an external marker required a motion margin of 2.2 mm, and gating with an internal marker and a latency of 100 ms required motion margins of 2.1 mm. Tracking with a latency of 200 ms had motion margins of 2.4 mm, and gating based on an internal marker with a duty cycle of 50% required a motion margin of 3.0 mm. The tracking strategies were improved by 50%, and the gating strategies by 33%. The only change in the relative ranking of the strategies was that tracking with a latency of 200 ms required narrower motion margins than gating with a 50% duty cycle. At a measurement frequency of 1 Hz, all the motion management strategies required motion margins between 7 and 8 mm.
With the reductions in uncertainties, the gated strategies required motion margins at high measurement frequencies that were between those for tracking with a latency of 100 ms and those for tracking with a latency of 200 ms. This suggests that the crossover latency was 150 ms, below which the motion margins for tracking were narrower than those for gating.
This was perhaps an overestimate, because reductions in the latency for tracking strategies might also lead to reductions in the latency for gating strategies.
Conclusions
Five motion management strategies were compared by dividing the uncertainty in targeting accuracy into its components. Mean margins required to account for the center of mass motion of the CTV were determined. At high measurement frequencies, tracking with a latency of 100 ms was found to require the narrowest motion margins, of 3.1 mm, and tracking with a latency of 200 ms required the largest motion margins, of 4.6 mm. Gating with a duty cycle of 33%, and using either an internal or external marker required motion margins of 3.3 ± 0.1 mm. With a duty cycle of 50%, the value for internal gating increased to 4.0 mm. These values were less than the 9.1 mm required to account for the motion of the CTV with a motionencompassing strategy. At a measurement frequency of 1 Hz, motion margins required for all the strategies were near 9 mm.
At high measurement frequencies, latency was an important source of uncertainty. It was larger than the positional uncertainty related to residual motion, and therefore gated strategies required the same or narrower motion margins than tracking strategies. Improvements could be made to the individual sources of uncertainty. The effects of latency could be reduced by various means, including predicting the CTV position at the end of the latency period. These improvements could reduce the margins required to account for a given latency by 50%. If these improvements, and ones to the other sources of uncertainty, were to be implemented, motion margins for the five motion management strategies would decrease. Tracking with a latency of 100 ms would have the lowest motion margin, at 1.7 mm. The two tracking strategies, and the two gating strategies with duty cycles of 33%, would all require motion margins in the region 2.0 ± 0.4 mm. Gating with a 50% duty cycle would require motion margins of 3.0 mm. The only change in the relative rankings would be for the two with the widest motion margins, namely tracking with 200 ms latency and gating with a 50% duty cycle. In this case tracking with 200 ms latency would have a narrower motion margin.
For tracking strategies to have narrower motion margins than gating strategies, the latency must be reduced to below 150 ms. With a latency of 200 ms, the gating strategies had narrower margins. Even with the potential reductions in the effects of latency, the gating strategies with duty cycles of 33% had narrow margins than tracking. Latencies near 100 ms, or lower, are measured on commercially-available tracking systems (Pepin et al 2011b , Depuydt et al 2011 . At latencies above 150 ms, gating strategies require equal or narrower motion margins than tracking strategies.
By using the type of data and analysis presented in this work, the decision of a motion management strategy can be tailored to a particular patient's motion and a particular machine's delivery characteristics, in arriving at a data-driven optimal strategy which maintains a high probability of target coverage, while minimizing extraneous dose outside the target. In this manner, a final decision for motion management strategy may be made by the clinician after evaluating the pros and cons of the various available approaches for each specific patient and treatment scenario.
